A resistive quenching element is a common passive device used in Geiger mode avalanche photodiode circuits. Both quenching voltage level and response time depend on the resistance value of the quenching resistor. A high resistance value of the quenching resistor increases the transient time due to the large RC time constant. In addition, the quenching voltage level depends on the photocurrent passing through the quenching resistor. In this work, a diode quenching element was proposed by which faster quenching speed was achieved with a constant quenching voltage level independent of the photocurrent level.
Introduction
Avalanche photodiodes (APDs) are used to detect weak optical signals and have several advantages compared to photomultiplier tubes, such as, small size, low voltage operation, high quantum efficiency, insensitivity to the magnetic field, etc [1] [2] [3] . When an APD is biased above the breakdown voltage, the high electric field in the depletion region causes the self-sustained avalanche process by which the photo-generated current is multiplied with a high gain [3, 4] . A quenching circuit is used for triggering the APD bias voltage in the Geiger mode to the linear mode [5] [6] [7] . A resistive quenching circuit shown in Fig. 1 is a common topology in Geiger mode operation. The generated photocurrent causes a voltage drop across the quenching resistor (Rq), which, in turn, lowers the bias voltage of the APD below the avalanche bias voltage. Since the quenching voltage level required in the circuit is typically a few volts, the resistance value of Rq must be selected by taking account of the photocurrent level [5] [6] [7] [8] . Typical resistance values of Rq range from hundreds of kΩ to MΩ due to the low photocurrent levels. Such high resistance values lead to a large RC time constant that increases the dead time and thus limits the sensing capability. Employing an active reset topology can mitigate such problems but the quenching speed is still limited by the high resistance of Rq [9, 10] . In addition, the quenching voltage level is linearly proportional to the photocurrent. When the photocurrent is low (i.e., weak signal), the discriminator voltage level of the comparator must be very small, which will increase the dark count probability (i.e., false signal count), as illustrated in Fig. 1 .
In this work, a diode quenching element was proposed to improve the quenching performance. 
Experiments
The resistive and diode quenching circuits used in SPICE simulation are shown in Fig. 2 (a) and 2(b), respectively. The dashed boxes represent the APDs where the photocurrent input is provided by a pulsed current source in simulation [11] . The quenching resistor (Rq) has a resistance of 100 kΩ. It should be noted in Fig. 2 (b) that the quenching diode is forward biased whereas the APD is reverse biased. The model parameters used in simulation for the APD are summarized in Table I . The APD is a SiC p-i-n APD with a breakdown voltage of 150 V. It was assumed that the quenching diode was identical to the APD but had a reduced active area by one tenth. Therefore, the model parameters for the quenching diode were adjusted taking account of the reduced active area. The avalanche bias voltage was set to be 152 V. The dependency of the quenching voltage levels of resistive and diode quenching circuits on the photocurrent are shown in Fig. 3(a) and 3(b) . The dashed and solid lines represent the resistive and diode quenching circuits, respectively. While the quenching voltage level is linearly proportional to the photocurrent level in the resistive quenching circuit, it is independent of the photocurrent level in the diode quenching circuit. The quenching voltage level of the resistive quenching circuit is the product of the photocurrent and Rq, supposing that Rs is negligible compared to Rq. On the other hand, the quenching voltage level of the diode quenching circuit is determined by the forward turn-on voltage of the quenching diode. Therefore, a constant quenching voltage level can be achieved by the diode quenching element. It is not a problem for the photon counting with an appropriate discriminator voltage level of the comparator. However, it should be noted that when the photocurrent becomes low, the discriminator voltage level must be very small, increasing the dark count probability.
The quenching transient characteristics of resistive and diode quenching circuits are compared in Fig. 3(c) . The bias voltage across the APD falls down when the photocurrent is introduced. It is observed that the quenching times of the diode quenching circuit are significantly shorter than those of the resistive quenching circuit. The quenching and recovery times for the same quenching voltage level of 3 V are compared in Table II where the quenching and recovery times were defined when the voltage levels reached 90% of the final levels. The faster quenching speed is mainly attributed to the dynamic on-resistance characteristics of the forward biased quenching diode, which is much smaller than the Rq of the resistive quenching circuit. One drawback of the diode quenching circuit is a relatively slower recovery time (rise time) after quenching. However, such a problem can be easily resolved by employing an active reset circuit that forces the APD bias voltage back to the avalanche bias voltage immediately [12] . 
Conclusions
A diode quenching circuit was proposed to provide a constant quenching voltage level. The quenching voltage level is independent of the photocurrent level due to the forward turn-on characteristics of the quenching diode, which enables stable quenching operation. In addition, faster quenching speed can be achieved by the low on-resistance under the forward turn-on condition of the quenching diode. 
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